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OAM Beam Generation, Steering, and Limitations Using
an Intelligent Reflecting Surface
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Abstract—Orbital angular momentum (OAM) is a fundamental characteristic of electromagnetic waves
and has gained significant attention in recent years because of its potential applications in various fields
of radio and optics. Furthermore, OAM has been proposed as a means to increase the spectral efficiency
of wireless communication systems. By encoding multiple independent data streams on different OAM
modes of electromagnetic waves, OAM communication systems can increase the amount of information
that can be transmitted over a single radio frequency channel. In this paper, we developed a new
method for steering the OAM waves using an intelligent reflective surface (IRS) that is suitable for
the far field. Specifically, we designed IRS coefficients to reflect and steer different multiplexed modes
between different users based on OAM waves by controlling the IRS impedance, which can be varied
depending on the beam steering direction. Moreover, we investigated the physical limitations of the IRS
by noting the relations between the number of transmitted modes, IRS size, and impedance values in the
IRS. Each impedance element in the IRS consists of real and imaginary values, and the negative values
in the real part are used as an indication for reaching the physical limit. One suggestion to decrease
the negative real values is by using windowing to decrease the beam waist. The proposed method may
enable the extended coverage of OAM wireless communication.

1. INTRODUCTION

With the rapid development of emerging information networks, orbital angular momentum (OAM)
can enable novel applications and allow for multiple access to wireless networks owing to its potential
to improve spectral efficiency in wireless communications [1]. There are new technology domains in
sixth-generation (6G) such as machine learning, artificial intelligence, blockchain, THz communication,
OAM multiplexing, spatial modulation MIMO, and intelligent reflective surface (IRS). 6G must have
a significantly higher data rate than fifth-generation (5G). While 20 Gbps was the targeted peak data
rate for 5G, the target for 6G is a peak data rate of 1000 Gbps. To supply advanced multimedia services
to a broad user base, the performance of the entire network must be improved, for instance by striving
to achieve spectral efficiency that is twice as high as 5G. As a result, it is essential to develop new and
innovative technologies that will allow future wireless network capacity to increase while maintaining
a moderate and appropriate budget, complexity, and power consumption. One of these assumptions is
that 6G technology will integrate OAM and IRS approaches [2].

For example, multiple independent data streams can be simultaneously transmitted and received
using various OAM techniques. The OAM provides a new orthogonal resource by spatially distributing
the helical phase front [3], and different OAM modes are mutually orthogonal, allowing for simultaneous
and coaxial transmission for improved spectral efficiency [4]. Such waves are usually used in a variety
of applications, including beam steering [5], cooperative OAM relaying systems [6], improving the
spectrum efficiency of communications systems [7], and high-resolution imaging [8]. Various methods
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for generating OAM-carrying waves have been documented [9,10], and their propagation properties
have been studied [11], such as spiral phase plates antennas [12], uniform circular array (UCA)
[13], metasurfaces [14], and circular traveling-wave antennas [15], which are commonly utilized in
OAM multiplexing systems [16]. However, the UCA-based OAM communication system has several
disadvantages, such as not being suitable for long-distance multiplexing and requiring a high degree of
synchronization between the transmitting and receiving antennas. Furthermore, moving and reflection
will destroy the orthogonality of OAM waves, thereby reducing the performance under non-line-of-sight
(NLoS) conditions.

Notably, metasurfaces have an advanced ability to manipulate electromagnetic (EM) waves and
have gradually become an enabling EM technology for next-generation wireless communications [17].
IRS is a metasurface that can program incident EM waves by adjusting the reflection coefficients and
tuning the surface impedance, which is achieved through various mechanisms, including an applied
electrical voltage [17], thermal excitation [18], optical pumping [18], and physical stretching [19].
The choice of IRS materials includes semiconductors [20] and graphene [21]. To date, a series of
reports have focused on the remarkable features of the IRS to enhance the performance of wireless
communication networks from various aspects [22, 23], such as spectral efficiency improvement [24, 25],
coverage extension [26], and reliable transmission [27].

In [28], based on the alternate optimization strategy, an iterative method was suggested that
optimizes the power distribution and phase changes of the IRS. In each iteration of the algorithm, the
maximization-minimization based ¢;-ball projection approach yields the closed-form expression for the
power allocation solution, and the weighted minimum mean square error-based fixed point iteration
approach yields the locally optimal solution to IRS’s reflecting phase shifts. In [29], IRS was used to
assist in the transmission of OAM-based multiplexed signals by combining the IRS with OAM-based
rate-splitting multiple access schemes. In [30], the researchers suggested a method for IRS-assisted OAM
multiplexing that eliminated the inter-mode interference (IMI) from all OAM modes. In addition, they
have proposed an f5-ball projection method to optimize the transmit power allocation for OAM modes
to increase the system capacity of IRS-assisted OAM communication systems. The IMI cancellation
method and ¢s-ball projection method can increase the maximum system capacity compared with the
£1-ball projection method when the IRS is located closer to the center between the transmitter UCA
and receiver UCA.

In [31], an IRS-assisted multi-user OAM communication system was proposed to improve capacity
and overcome the NLoS condition. The conventional OAM system generally performed well in the
short-range and line-of-sight (LoS) scenarios. However, the capacity of wireless OAM-based multiple
inputs and multiple outputs can be improved by deploying an IRS for a large number of reconfigurable
passive elements to control the wireless propagation environment [32]. In [33], the authors proposed
a multi-OAM-mode vortex wave multiplexing and demultiplexing scheme based on a shared-aperture
reflective metasurface. The specifically designed reflective metasurface can realize the corresponding
OAM-mode modulations and demodulations of different incident carrier waves in the corresponding
data channels. By modulating multiple data channels on multiple OAM modes, multiplication of the
communication capacity can be achieved.

In [34], three reflective metasurfaces with single and dual-directed OAM beams were proposed to
tackle the poor network coverage of terahertz (THz) waves in the absence of LoS communications. The
integration between the OAM and THz reflective metasurface technologies is a low-cost and low-profile
solution for improving spectral efficiency. The OAM multiplexing and demultiplexing based on a single
metasurface may provide a route for high-capacity and compact free-space communication systems.
In [35], OAM multiplexing and demultiplexing at the E-band frequency using a single metasurface
structure were proposed and experimentally demonstrated. For OAM multiplexing, the metasurface
was used as a transceiver to generate two orthogonal coaxial OAM beams for Gaussian incident beams
with different incidence angles. For OAM demultiplexing, the same metasurface flipped 180° was used
as a receiver to form a Gaussian beam in different off-axis directions depending on the topological charge
of the coaxially incident OAM beam.

In this paper, we developed a new method for steering the OAM waves using an IRS for far-field
applications. We designed the IRS reflection coefficients to reflect and steer different multiplexed modes
between the IRS and users based on OAM waves by controlling the IRS impedance, which can be
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varied depending on the beam steering direction. We used the reflection coefficients to calculate the
impedance value for each element in the IRS instead of the transmission coefficients in order to get rid
of the sheet thickness calculation because it is more complicated. Each element in the IRS consists of
real and imaginary values, and the negative values in the real part will be neglected. In addition, we
decreased the negative values that appeared in the real values by changing the Gaussian waist value, and
it can also be done by increasing the sheet size. In other work, real values are neglected, and imaginary
values are used to design the sheet [36]. The proposed method may have a significant advantage in
expanding the coverage of OAM wireless communication while considering the physical size limitation
for the IRS and controlling its reflection coefficients. Ultimately, this was achieved by employing the
back-propagation technique.

This paper is structured as follows. Section 2 includes a general overview of the system model and
derivation of the field expression. Section 3 provides the simulation results based on the derived formulas
using MATLAB. Then, it compares the current work with previous works. Finally, the conclusions are
summarized in Section 4.

2. SYSTEM MODEL

In this study, we apply a single IRS to simultaneously generate several OAM wave vorticities in various
directions and with various modes, as shown in Fig. 1(a). The suggested approach may help to increase
OAM wireless communication coverage.

A mathematical formula, based on Fig. 1(b), is provided for designing the generated wave by
creating an initial beam from a Bessel beam of OAM mode m = 1. A Bessel function of the first kind
and the order J,, determines the beam’s amplitude in the plane of transverse propagation.

(x+xo)2+2(y+yo)2

Epesired = Jm(\/(x + 1'0)2 + (y + yO)Z)((ZL‘ + .IO) + (y + yo)sign(m)i)‘m‘e_ Ws (1)

where W, is the Gaussian beam waist, (z,,¥y,) used for shifting the target of the beam, sign a signum
function, and (z,y,z) the coordinate system. The far field can be determined using the Fresnel
diffraction formula [37]:

E, (av,y,z):—)\Z etk e (2 4y7) / E, (',y) 52 (27 4y%) S (@ oty'y) g dy’ (2)

where E, is the desired field, z = 10X the location of the observation window, A = 0.015m the
wavelength, and k = 27/ the wavenumber. Let f, = &, and f, = £ then:
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We can also use the Fourier transform formula instead of the integral form in Eq. (3).
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To find the near field using the backward Fresnel diffraction formula, we can obtain E, (z/,1') at
the source by backward diffraction and using the inverse Fourier transform formula

E, («/,y) = (=ira)e™es ) P B, (n,y, 2) €3 (747} (5)

Additionally, we can use the integral form instead of the inverse Fourier transform formula used in
Eq. (5).

P Bu(oy ) B0} = [[ B (g ) e G0 ) et 20t daay (6)

let fpr = f\"—;, and f, = i/—;, and we could finally obtain:
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Figure 1. The typical implementation of the IRS design based on OAM waves. (a) Block diagram.
(b) Schematic of the communication system.

Then, we calculate the reflection coefficient using Eq. (8). The objective of the impedance
calculation is to control the elements of the IRS sheet and to determine which elements reflect the
OAM wave because the element is either considered on or off according to the impedance value [38].

r—=—r (8)

where I is the reflection coefficient, E; the incidence wave for the plate, and E, the reflected wave for
the plate, which we find from the near field (F,). Furthermore, I' is determined by the impedance and
can be represented by the following equation:

(Zs — ZO)

) )
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where Z; is the impedance of the plate, and Zy = 3772 is the free-space impedance. We use Eq. (9)
to find the Z value, considering that the I' and Zj values are known. Through Eq. (9), the impedance
value of each element in the IRS can be calculated. The impedance value of each element in the IRS
consists of a real part and an imaginary part. In the real part, which consists of positive or negative
values, we ignore the negative values by setting them to zero and retain the value of the imaginary part.

3. RESULTS AND DISCUSSION

To appreciate the capability of the steering method and evaluate the credibility of the derived model,
the results obtained from numerical simulations using MATLAB are provided. First, we determine the
essential factors for OAM waves generation and steering. Then, we examine the method for the near
field based on the generated OAM waves using the IRS. Second, we evaluate the multi-beam reflections
of the OAM waves and steer them using the IRS for the far field considering the physical size limitation
for the IRS and controlling its elements.

In the first case, we use one beam, while the size of the IRS sheet is fixed (10A x 10)), and the
value of the Gaussian beam waist W, changes. The positive values of the impedance decrease as the
values of the W, increase, as shown in Table 1. As a result, the distortion increases with increasing W,
because the greater the W, is, the interference with the next beam increases, or in other words if the
size of the beam is reduced, the size of the IRS sheet can be larger.

Table 1. Generating one OAM beam at mode 1 with different Gaussian waists (WW,) using an IRS
sheet with the size of (10A x 10A).

Case No. W,/A Positive values Negative values

1 0.5 100% 0%

2 0.75 70.4166% 29.5834%
3 1 59.2683% 40.7317%
4 1.25 54.1992% 45.8008%
5 1.5 57.2288% 42.7712%
6 1.75 60.3475% 39.6525%
7 2 62.1594% 37.8406%
8 2.25 59.3376% 40.6624%
9 2.5 49.3577% 50.6423%
10 2.75 46.9518% 53.0482%
11 3 38.7936% 61.2064%

Figure 2 shows the numerical simulation results of radio OAM vortex waves with different Gaussian
waists (W,) for one beam with a fixed size of the IRS sheet (10A x 10A). Notably, the transmitted wave
is not affected after its reflection from the IRS when the value of W, = 0.5\. Although there are minor
distortions in the phase compared with the transmitter, the amplitude is unchanged. Fig. 3 shows that,
for W, = 3], the distortion increases in phase and amplitude for the near field and far field because the
positive impedance values decrease, and the negative impedance values increase for the elements of the
IRS, as shown in Table 1.

In the second case, we use four OAM beams while the size of the sheet is fixed (10A x 10A) and the
value of W, = 0.5\. The positive values of the impedance decrease as the number of beams increases,
as summarized in Table 2.

Figures 4, 5, and 6 show the numerical simulation results of multi-OAM beams for a fixed IRS
sheet size of (10A x 10A\) and W, = 0.5A. When one OAM beam is utilized, the impedance values are all
positive. However, when two OAM beams are utilized at once, the positive impedance values drop, and
the negative values become apparent. Additionally, while three OAM beams are utilized simultaneously,
the positive impedance values decrease, and the negative values increase. When the number of beams
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Figure 2. The electric field for generating one OAM beam when the IRS sheet size is (10A x 10\) and
W, = 0.5\. (a) The desired one beam (amplitude). (b) The desired one beam (phase). (c¢) The far field
was obtained for one beam (amplitude). (d) The far field was obtained for one beam (phase).

Table 2. Different OAM beams for the IRS sheet size of (10A x 10\) and W, = 0.5\.

Case No. No. of beams Positive values Negative values

1 One 100 0

2 Two 91.5274 8.4726
3 Three 78.1095 21.8905
4 Four 66.2187 33.7813

is extended to four, the positive impedance values decrease further, and the negative values increase.
We conclude that distortion rises when the number of OAM beams increases, as indicated in Table 2.
Next, our proposed system is compared to the other generating OAM techniques reported
in [1, 33, 34] with respect to generating techniques, number of modes, operating frequency, and steering
capability, as summarized in Table 3. In [1], the authors used the UCA factor formulated in cylindrical
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coordinates to express the electric field of antennas arrayed for generating OAM. They programmed
the OAM-UCA factor in cylindrical coordinates and used it to optimize the radiation performance
while generating OAM modes. In [33], this study proposed a multiple OAM-mode vortex-beam
multiplexing and demultiplexing scheme based on the shared aperture reflective metasurface by dual-
channel reflective metasurface for two OAM-mode multiplexing and four-channel reflective metasurface
for four OAM-mode multiplexing. In [34], this study proposed three reflective metasurfaces with single
and dual-directed OAM beams to tackle the poor network coverage of THz waves in the absence of LoS
communications. Through integration between the OAM and THz reflective metasurface technologies
can improve spectral efficiency through a low-cost and low-profile solution. By comparing our work to
earlier studies, we were able to address the difficulties of generating OAM waves by combining them
with the IRS technique. We solved the problem of guiding the wave to a dead zone with no network
connectivity using IRS by managing the IRS elements. We overcame OAM challenges like diverging
and coverage by steering the OAM waves in a far field. Furthermore, we employed the IRS to steer
more than one OAM beam to specified points, thereby enhancing capacity while also increasing network
coverage.
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Figure 3. The electric field for generating one OAM beam when the IRS sheet size is (10A x 10A) and
W, = 3X. (a) The desired one beam (amplitude). (b) The desired one beam (phase). (c) The far field
was obtained for one beam (amplitude). (d) The far field was obtained for one beam (phase).
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Figure 4. The electric field for generating two OAM beams when the IRS sheet size is (10A x 10)\)
and W, = 0.5\. (a) The desired two beams (amplitude). (b) The desired two beams (phase). (¢) The
far field was obtained for two beams (amplitude). (d) The far field was obtained for two beams (phase).

Table 3. Comparison of the suggested system performance with previously developed generating OAM
techniques.

O ti Steeri
References Generating Technique No. of Modes perating eerl.n.g
Frequency Capability

1] UCA Single-mode 73 GHz Not applicable
[33] Reflective metasurface Dual-mode 10 GHz Not applicable
[34] Reflective metasurface Multi-mode 90-110 GHz  Not applicable

This work IRS Multi-mode Wide range Dynamic
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Figure 5. The electric field for generating three OAM beams when the IRS sheet size is (10\ x 10A) and
W, = 0.5\. (a) The desired three beams (amplitude). (b) The desired three beams (phase). (c) The far
field was obtained for three beams (amplitude). (d) The far field was obtained for three beams (phase).
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Figure 6. The electric field for generating four OAM beams when the IRS sheet size is (10A x 10X)
andW, = 0.5\. (a) The desired four beams (amplitude). (b) The desired four beams (phase). (c) The
far field was obtained for four beams (amplitude). (d) The far field was obtained for four beams (phase).

4. CONCLUSIONS

In this paper, we developed a new method for steering the OAM wave using an IRS that is suitable for
far-field applications. We designed the IRS reflection coefficients to reflect and steer different multiplexed
modes between the IRS and users based on OAM waves by considering the physical size limitation of
the IRS and controlling its elements, which vary depending on the beam steering direction for the far
field. We used the reflection coefficients to calculate the impedance value for each element in the IRS
instead of the transmission coefficients equation in order to get rid of the sheet thickness calculation.
Each element in the IRS consists of real and imaginary values, and the negative values in the real part
have been neglected. In addition, we decreased the negative values that appeared in the real values by
changing the Gaussian waist value, and it can also be done by increasing the sheet size. Assuming that
the size of the IRS sheet is fixed, and W, is variable, we achieved this by employing the back-propagation
technique. In the first case, we examined one OAM beam reflected from IRS and determined the size of
the sheet (10A x 10A) and the waist value W, = 0.5\. In the second case, we examined four OAM beams
reflected from the IRS for the fixed IRS sheet size (10 x 10\) and W, = 0.5\ because it was considered
the optimal value. In both cases, the positive values of the impedance decreased, and distortion in the
OAM wave increased with the increase in the number of beams and the value of W,,.
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